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Quarterly  Pro{»ress  Report  October  -  December  I960 
Research  Program  on  Conversion  of  Ejqjlosive  Energy 

Contract  DA-28-O17-501-ORD-31450 
ni.  Project  LB-2221 

SCOPE  OF  WORK 

Thie  work  during  the  past  quarter  has  been  directed  toward  two  main 
objectives,  via.  conpression  of  a  magnetic  field  by  a  detoration  and  clari¬ 
fication  of  the  importance  of  various  secondary  effects  in  the  electrical 
conductivity  measurements.  In  addition,  some  design  work  was  performed 
relating  to  the  20,000  Joule  capacitor  bank  and  the  design  of  a  large 
vacuiam  system  in  which  to  carry  out  firings. 

The  magnetic  field  compression  experiments  continued  using  the 
interim  1000  joule  bank  described  earlier.  T>ie  circuit  parameters  of  this 
system  were  investigated  in  some  detail  in  order  to  calculate  the  magnetic 
field  in  the  load  prior  to  its  explosive  compression.  The  signals  induced 
in  the  pick-up  loop  during  the  firing  were  then  analyzed  in  terras  of  a 
simple  model  picturing  a  constant  total  flux  trapped  in  an  area  that  is 
decreasing  due  to  tlie  expansion  of  the  copper-clad  ex^^losive,  A  prelimi¬ 
nary  calculation  of  the  leakage  of  the  magnetic  field  into  tlie  conductors 
indicates  that  this  effect  is  present  though  not  a  dominant  feature  of 
the  experiment.  Timing  dii'ficxilties  have  still  prevented  crowbarring  the 
bank  at  a  current  maximum  despite  several  attempts  tn  improve  the  timing 
accuracy.  One  of  these  attempts,  involving  a  slower,  high  inductance, 
multi-tuTO  coil,  was  unsucceEsfiil  due  to  mechanical  failiu'e  of  the  coil. 

The  most  srrccessful  compression  observed  so  far  has  been  fix)m  an  initial 
field  of  li700  gaxiss  to  a  final  field  of  38,500  gauss,  or  by  a  factor  of 
0.2.  Rffort43  to  obtain  higher  magnetic  fields  by  redesigning  tiie  load  coil 
and  explosive  "piston"  and  by  working  toward  a  higher  initial  magnetic  field 
are  continuingp  The  capacitors  for  the  20,000  joule  bonk  ordered  at  the  end 
of  the  last  quarter  were  received  at  the  end  of  the  quarter  reported  on 
here.  Most  design  work  during  the  interim  was  suspended  pending  arrival  of 
tdiese  units. 

The  conductivity  work  has  been  directed  toward  removing;  possible 
secondary  effncts  ir.  the  ccndxtivity  meas jrcments .  These  Include  the  con- 
finenent  of  the  detonation  and  consequent  changes  in  the  reaction  zone 


due  to  the  structure  supporting  the  double  prooes  and  the  T-probes,  the 
effect  of  the  T-probe  plate  tl^ickness,  the  difference  between  internal  and 
surface  conductivity  measurements,  and  air-shock  induced  conductivity.  Also, 
a  faster  sweep  was  employed  in  order  to  be  able  to  examine  the  leading  edge 
structure  and  tie  first  hialf  microsecond  of  the  conductivity  signal.  On  the 
basis  of  tliese  firings,  a  revised  set  of  measured  conductivity  valiies  ai’e 
reported  that  show  better  agreement  with  those  of  other  investigators. 

Final  values  cannot  be  definitely  established  until  all  of  the  probe  cali¬ 
bration  data  are  reduced.  General  studies  relating. to  the  conductivity 
probe  calibration  have  continued  also.  A  suiomary  of  tlie  double  probe  cali¬ 
bration  procedure  is  attached  as  an  appendix. 

The  filial  design  of  the  large  vacuiun  s^-stem  was  completed  and  con¬ 
struction  proceeded  during  this  quarter. 


ItESULTS  OF  irfORK 


A.  Firings  Conducted 

During  past  quarter,  twenty  eight  firings  have  been  conducted. 
Iliese  are  listed  i.'.  Table  I,  Four  have  been  related  to  the  magnetic  field 
conq^ression  experiment  while  the  remaining  twenty  four  have  involved  elec¬ 
trical  conductivity'  measurements. 


B.  Magnetic  Field  Work 


The  discrepancy  between  previoiis  neasnreroonts  of  tlje  liank  and  load 
inductances  has  been  resolved.  Ringing  frequency  measurements  with  and 
without' the  field  coil  yielded  the  following  values  for  inductenco  and 
resistance: 


Hence 


W  ■  102-5 

Vs-M  •  175-5- 5.2 
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^coil 
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sys  tern 


73  -  9.6  m/Ah  . 


In  Uie  Quarterly  Progress  Report  of  Oct.  -  Dec.  19^9,  it  was  tl.ec- 
retically  shown,  for  field  coils  of  tliC  present  feonetry,  U.at  tie  field 
j.n  the  center  of  tne  coil  is  given  by  the  expression 


P  =  188  X  lO""^!  , 

wtere  i  is  the  inetantaneous  current  flowiri::;  x:'.  the:  field  coil,  rjince 
F  is  proportional  to  voltage  in  the  air  , 


B(r) 


V(r)  . 


In  tlic  v^uartorly  irogress  neport  of  April  -  June  1%0,  the  radial  tiepenci- 
ence  cf  tlie  a-conponent  of  Uio  magnetic  field  is  shown,  in  ^articular, 
V(C)  ■  3.30  mv  ,  iience 


n/  >  183  X  10''^i 

3Vr) - -  V(r)  , 


where  V(r)  !<•  ir.  mv  and  P(r)  is  in  ga’jss.  ?*• 
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wh€;r©  is  the  radius  of  the  air  gap.  Hence 
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By  carrying  out  the  indicated  integration  graphically,  it  is  found  that 
^coil  • 

in  reaaombly  good  agreement  with  the  experimentally  determined  value. 

Pour  more  firings,  IJos.  93-?6,  were  completed  in  this  quarter. 

In  these  firings  a  small  notch  was  made  in  t>©  upper  part  of  the  air  gap 
of  the  field  coll,  in  order  to  further  protect  the  pic’cup  coil  from  the 
explosive  products  aivl  thvis  prolong  its  life.  Also  eight  turns  of  aliuniiium 
foil  were  wrapped  tightly  around  tl*  copper-lined  charge  so  that  the  expand¬ 
ing  metallic  surface  would  remain  a  closed  conducting  path  for  a  longer 
period  of  time.  Timing  difficulties  resulted  in  firings  93  and  9U  crow¬ 
barring  9 /<  secs  late  and  firing  96  crowbarring  secs  late.  The 

oscilloscope  trace  of  the  pickup  coil  voltage  as  a  function  of  time  for 
firing  Wo.  96  is  shown  in  Fig.  1.  The  voltage  is  directly  proportional  to 
the  magnetic  field.  Crowbarring  was  planned  to  occur  at  point  A,  the  maxi¬ 
mum  uncompressed  field,  but  timing  errors  resulted  in  crowbairing  at  point 
B,  close  to  the  minimum  field.  Tlie  magnetic  field  was  then  conqu'essed  to 
poijit  C,  and  it  is  believed  t;iat  the  coil  broke  up  at  point  D.  If  crow¬ 
barring  had  occurred  at  point  A  (19, b'OO  gauss),  the  conpression  ratio  of 
8.2  would  have  resulted  in  a  final  field  of  l60,vX)0  gams  instf^ad  of 
38,^00  gauss.  The  results  of  these  firings  are  shown  in  Table  II. 


Figixre  1 


Oscilloscope  trace  showing  the  magnetic  field  as  a 
function  of  time  during  a  flux  compiression.  The 
horizontal  time  scale  is  sec/cm  (Firing  No.  96) 
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Table  U 


Summary  of  Magnetic  Field  Compression  Firings 


Firing  No. 

Bfinal^ga^s 

)  Compression  iiatio 

93 

6,lu60 

23,160 

3.6 

9U 

3,260 

3,99U 

1.2 

95 

streak  camera  coverage 

only 

96 

U,700 

38,500 

8.2 

where  the  comifression  ratio  is 

In  firing  Noo  95*  the  streak  camera  results  yielded  i^iforraation  on 
the  position  and, velocity  of  the  copper  sheath  lining  the  charge  as  a 
function  of  tiB»,  Using  this  information,  theoi*etical  values  for  the 
magnetic  field  can  be  four;d,  both  considering  and  neglecting  magnetic  field 
penetration  into  the  conductors.  It  is  of  interest  to  compare  these  calcu¬ 
lations  with  the  experimental  values. 

If  no  magnetic  flux  penetrates  the  conductors, 

B(t)  -  Constant  i  i  (l) 

where  ^  magnetic  flux  at  crowbar  (t  -  O)  and  A(t)  is 

the  time -dependent  area  cf  the  air  gap.  jd  is  easily  feumi  *o  he 

1.35  X  10“'^w  ,  yielding  B(0)  ■  5,870  gauss.  To  compare  with  experimental 
values,  for  w}:ich  B(0)  ■  Ii,700  gauss,  the  theoretical  values  are  normal¬ 
ized  so  that  they  agree  with  the  experimental  valu.:?s  at  t  -  0  . 

Assiuning  magnetic  flux  penetration  into  the  conductors,  Maxwell's 
equations  can  be  shown  to  yield  the  following  relac,ion  if  the  dispiaceiaont 
current  is  negligible 

^  (v  X  B)  , 

where  tlx?  first  integral  extends  across  tlie  air  gap,  and  the  secorid  inte¬ 
gral  is  made  around  the  conducting  surface.  Then  dj2(t^it  can  be  ouneric- 
ally  integrato  d  to  obtain  -  ^(t)  .  Tlien  B(  t  )  if.  given  by 

B(t)  ■  •  TtVt  ^  ~  0 

A(t;  Avt;  crow’iar  ^  "crowbar 


(2) 


MAGNETi 


Figure  2  shows  the  experiniental  and  theoretical  values  for  B(t)  .  The 
upper  curve,  marked  by  circles,  represents  the  magnetic  field  as  a  fimction 
of  time  assuming  that  no  flux  penetrates  the  conductors  (cq.  l).  The  lower 
curve,  marked  by  squares,  shows  the  magnetic  field  as  a  function  of  time 
calculated  from  eq.  (2)  assuming  leakage  'nto  the  conductors.  It  is 

based  on  measured  values  fora^^jand  A(t)  .  The  experimental  values 
obtained  from  the  pick-up  loop  are  sliown  by  x's.  These  points  generally 
lie  between  the  two  theoretical  curves}  it  is  believed  that  the  discrepancy 
between  the  experimental  points  and  the  theoretical  loss  points  is  due  to 
the  uncertainties  involved  iri  calculating  the  above  two  integrals. 

C.  Conductivity  Measurement 

Firings  22-c  through  U^-c  utilized  surface  double  probes,  internal 
double  probes,  and  T  probes  for  ccwiductivity  measurements  in  Composition  B 
and  Pentolite  under  vaiying  experimental  conditions.  Table  III  summarizes 
the  results  of  these  firings# 

The  double  probee  are  calibrated  with  a  fixed  input  voltage  of 
0,1  volt,  for  varying  salt  solution  depths  and  a  single  input  p\ilse  in  a 
manner  similar  to  that  described  in  the  July  -  Sept,  I960  Quarterly  Progress 
Report.  The  choice  of  an  input  voltage  of  0,1  volt  for  calibration  purposes 
is  based  on  the  obsexured  saturation  of  probe  resistance  with  input  voltage, 
as  shown  in  Fig,  2  of  the  above  report. 

To  provide  a  check  on  the  validity  of  the  single  pulse  calibration 
technique,  a  T  probe,  in  a  salt  solution  of  kriowri  dimensions,  was  cali¬ 
brated  in  a  similar  fashion  to  a  double  probe.  The  T  probe  resistance, 
calculated  from  the  geometry  and  NaCl  solution  conductivity  is  UO.O  o)jna. 

The  resistance,  as  determined  from  the  data  of  thie  pulse  calibration  is 
37.9  ohms;  this  value  corresponds  to  an  extrapolated  resistance  for  zero 
input  pulse  duration.  This  gives  one  confidence  in  the  essential  correct¬ 
ness  of  the  single  pulse  calibration  technique.  It  provides  no  information, 
however,  on  the  correctness  of  using  an  electrolytic  solution  to  c  Jibrate 
a  probe  to  be  used  to  measura  the  electrical  resistance  of  a  detonation. 

This  will  be  the  subject  of  further  investigation. 

Figure  3(a)  shows  an  assembly  for  measuring  surface  resistance;  the 
probe  is  located  on  top  of  a  rectangular  charge  and  is  held  in  place  by 
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Table  III  (continued) 
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Figure  3(a) 

Surface-moimted  double  probe 


Figure  3(b) 

Intemally-inounted  double  probe 


mounting  it  in  a  polyethylene  block.  Wie  oscilloscope  trigger  probes  are 
positioned  between  the  explosive  and  the  detonator  which  is  located  at  tlie 
light.  The  wooden  frame  and  plastic  bag  provide  for  cai-rying  out  the  neasiare- 
ment  in  a  propane  atjnospliere .  To  reduce  explosive  confinement  due  to  the 
polyethylene  block  supporting  tl«  double  probe  in  later  firings  some  of  the 
polyethylene  material  was  removed  in  the  vicinity  of  the  pirobe  tip.  The 
pixibe  support  then  resembles  a  table,  tlie  legs  of  which  mount  on  the  surface 
of  the  explosive  block.  The  probe  is  supported  by  pressing;  tlie  conical  base 
against  the  polyethylene  "table  top". 

A  typical  oscilloscope  record  in  Fig»  U(n)  illustrates  the  rapid 
onset  of  conduction  as  the  detonation  front  reaches  the  probes.  Pxnce  the 
physical  condition  of  the  probe  is  luicertain  at  later  tii.ies,  only  the  probe 
resistance  corresponding  to  the  initial  peak  was  computed.  Doth  traces  are 
for  the  same  event,  but  for  different  sweep  rates.  The  upper  trace  shows 
a  20,/usec  time  history  of  the  detonation  while  the  lower  trace  shews  a 
2y>sec  interval  that  includes  the  leading  edge  of  tlic  signal. 

Fi<-uro  3(b)  shows  an  assembly  used  for  internal  resistance  rncas  irc- 
ments.  A  double  probe  can  be  seen  extondirjg  froTi  the  ejqDoseci  faci,  of  Uie 
explosive.  Oscilloscope  trigger  probes  arc  shovm  ,  lued  U'  tlio  surface. 

The  detonator  is  located  bel.ind  the  rear  sup^-ort.  i'it-ure  liO-)  sluvwr..  a 
typical  oscilloscope  reebrd.  Comparing  this  with  Fig.  lj(a)  we  see  that 
th.ey  both  show  a  peak  conduction  at  5  •■’hakes  but  tfiat  thiC  later  tune 
historj'  of  the  uvent  differs.  Our  interp:  etatim  is  that  'his  peak  repre¬ 
sents  reaction  zone  conduction  while  the  remainder  of  the  trace  refers  to 
conduction  by  I'eaction  products, 

P  probe  assemblies  with  varying  copper  jiate  tticknesr.es  have  also 
been  fired.  In  order  to  riinimize  confine.'^^en^’,  much  of  the  joi>’''^hhylcne 
fl’ipport  holdiiig  the  thin  copper  plate  has  been  ■-’Ut  away  wit),  ji  st  enoup.h 
left  tx3  ins'ilate  ttie  sides  of  the  copper  plat.e  cuid  maintain  its  x'igidity 
w'nen  pressed  against  tJie  explosive  block.  Such  a  mounting  is  riiown  in 
Fig.  b.  'Hie  deiendenco  of  die  probe  resistance  on  nrc  b*;  ‘iiichnens  is 
shown  in  tig.  g. 

The  reaction  zone  length  at  the  surface  of  the  exj.losivc  can  be 
estimated  by  observing  the  variation  of  iTit;asured  eiqiicsivc  resisdince 
with  T  probe  thickness.  For  large  probe  MtLckr'’'  se'  the  ooiidt.cticn  path 
is  determined  by  the  width  of  the  reaction  zoiie,  whereas  for  a  3r..all  probe 


PROBE  RESISTANCE.  R  (ohms) 


Figure  5 

T  probe  mounted  on  surface  of  charge 


PROBE  THICKNESS,  t  (inch) 


Figw'e  6 
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thickness  the  conduction  path  depends  strongly  upon  probe  thickness. 

The  transition  between  0„13  and  0.38  nun  is  believed  to  be  indicative  of 
the  reaction  zone  leiigth  in  Con^j  B. 

CoBQjarison  of  tlje  explosive  resistivity  values  that  have  been 
obtained  under  various  experimental  conditions  is  shown  below  in  Table  IV, 
Two  contaminating  factors  are  inherent  in  surface  measurements,  air-shock 
induced  conductivity  and  confinement  of  the  detonation.  The  variations 
due  to  confinement  are  outstanding,  0.66  vs  0.39  ohm-cm  for  the  unconflned 
case,  whereas  attempts  to  inhibit  air  shock  contributions  by  using  a  pro¬ 
pane  atmosphere  yielded  no  significant  difference,  0,66  vs  0,63  ohm-cm. 
Internal  measurements,  free  of  air  shock  and  confinement  effects,  are 
indicative  of  the  extent  to  which  shock-induced  conduction  can  modify 
surface  results,  comparing  tlie  values  C,39  with  0,92  ohm-cm. 


Table  IV 

Comparison  of  >xplosive  ites-istivity  ’’nder  Various  Conditions 


Resistivity 
Fxj'losive  (ohm  cm) 

Probe 

location 

Atmosphere 

Confinement 

Comp  B 

0<.66 

surface 

air 

cojTifined 

0.63 

surface 

pro[)ane 

Confined 

0.39  ■ 

surface 

jii'opane 

jncoiifiriod 

0.92 

internal 

:ik 

unconfined 

i'entolitc 

0.99 

surface 

propane 

uncon  filled 

Comp  B 

o.n 

surface 

propane 

ungon-fined 

♦  V  CsClOj^ 

r  omp  B 

0.83 

surface 

prof)ane 

unconfined 

♦  V'’ 

The  a'idition 

of  an  easily-ionized  m  ■ 

terial  har  not 

a;  ;  arentl;^' 

increa^^ed  tl,e  cond  ;ctdvity.  Preliminary  measurements  with 

L-  1' sClO.  and 

KIC^  i.ave  boon  made 

and  firings 

witli  higher 

ccncentratinns 

arc  undeiway. 

The  resistivity  vali 

;!es  observed 

for  Bemtolitc  ai'o  roughly 

twice  those  fo, 

Comp  /‘o 
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Hoth  the  magnitude  of  the  resistivity  and  difference  between  Corap  B 
and  hentolite  are  substantially  In  agreement  with  similar  measiireinents  of 
other  investigators  as  shown  below  in  Table  V.  Comparison  of  sixrface 
resistivities  with  resrilts  from  RRL  show  a  close  correspondence.  The 
factor  of  2.5  discrepancy  for  internal  resistivity  values  with  University 
of  Utah  results  is  believed  to  be  attributable  to  calibration  uncertain¬ 
ties  in  the  latter  measurements. 


Table  V 

Con^arison  of  Measured  Explosive  Resistivity  (ohm  cm) 


sui'facG 

BRL^ 

Stevens 

Utah^ 

USL^ 

Soviet^ 

Comp  D 

0.29 

0.39 

— 

0.2 

Pentolite 

0.89 

0.99 

•• 

internal 


Comp  i 


0.92 


2.56 


0,2)4  at  0.5  "  E 
0o')5o  at  O.OBy-  s 


WOKK  PLANNED  FOR  NEXT  QUARTER 


Dtiring  the  next  quarter  the  design  and  most  of  the  construction  of 
the  large  capacitor  bank  is  expected  to  be  completed.  This  will  include 
the  connection  of  the  line  to  the  capacitor,  the  transmission  line,  and 
the  spark  gap  switch,  as  well  as  the  overall  structure. 

The  conductivity  work  will  be  largely  directed  toward  analyzing  the 
present  results.  In  particular  the  circuit  rise  time  will  be  examined  and 
the  effect  of  cable  delay  will  be  determined.  This  is  important  since  the 
present  minimum  resistivity  values  are  based  on  an  initial  current  maximum, 
the  height  of  which  nay  be  critically  defieiudent  on  the  circuit  parameters. 

In  an  attempt  to  increase  explosive  conductivities  work  with  seeded 
explosives  will  continue.  Composition  B  charges  with  1056  CsQlOj^  and  KNO^ 
are  being  fabricated.  A  small  quantity  of  Csl  has  been  obtained  and 
similar  seeding  concentrations  in  Composition  B  will  be  started  as  soon  as 
compatability  tests  are  completed. 

To  impi>ove  the  magnetic  field  compress ional  efficiency,  a  tear  drop 
coil  has  been  designed.  Plastic  standoffs  have  been  placed  so  that  crow- 
barring  will  occur  very  soon  after  detonation,  thus  minimizixig  the  amount 
of  flux  escaping  before  Uie  crowbar  time.  The  size  of  the  air  gap  has  been 
decreased  so  that  the  copjxer  sheath  does  not  expand  beyond  of  its  initial 
radius  before  the  gap  is  closed.  This  is  done  to  lessen  the  possibility  of 
the  copper  surface  rupturing  tefore  the  gap  is  closed.  The  coil  also  has 
a  slightly  higher  inductance  to  lessen  timing  errors.  In  order  to  further 
improvr^  the  compression  ratio,  ways  of  optimizing  the  ;>ickup  coll  position 
and  decreasing  its  overall  size  are  being  studied.  This  effectively  increases 
the  ratio  of  initial  crowtiarred  area  of  the  air  gap  to  the  area  of  the  pickup 
coil.  "or  the  tear-drop  design  and  the  present  pickup  coils,  this  ratio  is 
about  lO/l, 
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APPENDIX 


Double  Probe  Calibration  Technique 

When  probe  geometry  and  configuration  result  in  a  complicated 
current  density  distribution,  calibration  of  the  probe  is  necessary  to 
establish  the  numerical  relation  between  measured  resistance  and  resistiv¬ 
ity.  Por  a  pair  of  electrodes  intnoraed  in  a  raedium  of  resistivity  p  , 
one  has 

p  •  const.  X  R  (l) 

where  R  is  the  measured  resistance  corresponding  to  p  .  Thus,  in  cali¬ 
brating  a  particular  probe,  ore  is  concerned  ivith  obtaining  tlie  numerical 
value  of  the  corrstant  factor  for  that  probe.  If  the  probe  resistance  for  a 
material  of  known  resistivity  is  measured  then: 

•gS,  >  const, 
c 

and  hence 


c 


where  p  is  the  known  resistivity  and  ft  is  the  measured  resistance 

o  c 

corresponding  to  . 

A  double  probe,  consisting’  of  two  adjacent  lengths  of  wire  separated 
and  surruunded  by  an  insulator,  witl*  o:qx>sed  metallic  tips,  must  be  cali¬ 
brated  in  order  to  compute  explosive  resistivity  from  the  observed  probe 
resistance  during  detonation.  The  exposed  probe  tip  is  immersed  into  a 
solution  of  JiaCl  of  known  conductivity  and  the  probe  resistance  is  i.ieas\ired 
under  various  operating  conditions.  The  ratio  is  determined  from 

these  nieasuiH5»enta. 

Due  to  electaolytic  action  in  Uic  ;!aCl  solution  and  the  f;r!nf;ratj.on 
of  gas  bubbles  tfiat  adhere  to  the  probe  surface  thus  draiitically  changin," 
the  current  deiisity  distribution  across  the  surface  and  tlie  piobe  resist¬ 
ance,  a  HK'thod  of  resistance  raeas'urenent  that  minimizes  thds  source  of 
error  must  be  employed.  Use  of  a  DC  technique  is  ruled  out  due  to  the 
constant  rate  of  gas  production  and  excessively  large  resistance  values 


observc-d.  I'sc  of  an  AC  method  reduces  somewhat  the  amount  of  form- 
tion  about  the  electrodes  arid  simultaneo’isly  the  meastured  resistance  but 
since  the  probe  impedance  is  nev  frequency-dependent,  orie  must  use  a  veip/ 
high  freqiiency  driving  source  or  extrapolate  low  frequency  results  to 
infinite  frequency.  A  third  technique  is  to  use  a  pulsed  electrical  driv¬ 
ing  source,  ■vihose  pulse  duration  is  adjusted  so  that  gas  bubble  corruption 
of  the  measured  probe  resistance  is  substantially  recbcedo  An  extension  of 
this  method  is  to  use  a  siiigle.  pulse  generator,  thus  reducing  buildup  of 
gas  bubbles  due  to  repetitive  electrical  p-olsing  of  the  probes. 

Descjclption  of  Calibration  Appai^atus  and  IVocedure 

The  double  probe  to  be  calibrated  is  connected  in  series  with  a 
decade  resistance  box  to  a  single  pulse  generator,  as  shown  in  Fig.  7. 

A  dual  beam  oscilloscope  displays  the  output  voltage  of  the  generator  and 
the  voltage  across  the  probe  simultaneously.  The  uEcillosco])€  sweep  is 
initiated  by  means  of  a  trigger  pulse  from  the  sing:le  pulre  generator  that 
precedes  in  time  the  single  pulse  applied  to  the  probes.  The  tiioe  duration 
and  amplitude  of  the  single  pulse  to  the  probes  are  rarlable  parameters. 

Prior  to  calibration  a  probe  is  inspected  for  breaks  and  cracks  in 
the  ceramic  insulator;  the  exposed  tips  arc  lightl;,'  scraped  with  fine  emery 
paper  to  remove  any  unwanted  polyester  material  and  to  have  the  wire  tips 
and  ceramic  edge  flush.  An  ohuBieter  is  then  used  to  check  that  the  probe 
is  not  shorted  before  being  placed  into  a  conducting  solution.  A  large 
current,  (obtained  by  setting;  pulse  generator  conti*ols  tc  a  laaximuiii 
voltage  output  and  a  naxii(r.un  rtpeuitive  duty  cycle),  is  then  passed  U.rough 
the  probes  iiTuaersed  in  a  conducti.ig  solution  until  bubble  formation  is 
ohserwd.  Tlie  probe  leads  ai’e  then  reversed  and  the  procedure  repeated. 

Tliis  step  .is  intended  to  leave  the  probe  tips  electrical!;'  clean. 

The  probe  is  then  placed  Into  a  bath  of  a  freshly  prepared,  .filtered, 
IlaCl  solution  with  onl^'  the  probe  tip  being  wetted  by  the  sclt,  nrautlou; 
the  bath  shape  conforpiir.p  to  the  goe-'ictry  of  the  explosive  ciiarge.  Tlio 
depth  of  the  salt  solution  in  the  bath  is  vai'icd  during  the  calibration, 
to  detect  effects  of  solution  depth  up>cri  calibration.  To  .'fdnijriize  bubble 
formation,  even  with  a  single  pulse  calibration  scheme,  a  voltage  about 
v.'hich  the  probe  resistance  shows  little  variation  is  chosen.  Since  the 
salt  solution  conductivity  is  temperature  dependent,  the  solution  temperature 


is  recorded  throu^'h  the  calibration  procedure.  The  jjrobe  is  then  cali¬ 
brated  under  '.varying  input  pulse  durations  Vtj  manual]^  opera tirij^  the  3i.n^;le 
pulse  generator  and  photographing  the  voltage  wave  forms  displayed  on  the 
oscilloscope  screen,  lypical  calibration  parameters  arc:  input  pulse 
duration  of  1,  and  10/<  sec,  solution  depths  of  O.Oli?,  0,072,  and  0,1.?5  in. 
and  an  input  pulse  voltage  of  0,1  volt»  Thus,  for  each  probe  a  total  of 
nine  runs  are  obtained.  A  t;^ppical  record  of  these  wave  forms  is  shown  in 
'ip.  the  lower  trace  refers  to  the  generator  output  voltage  and  the 
upper  race  to  tJ>3  irobe  output  volla.-’Cc 

After  calibration  the  probe  is  washed  with  distilled  water  to 
remove  remaining  traces  of  salt. 


Ihe  "robe  resistance  is  calciJ.ated  from  dat.a  derived  from  the  ihoto- 
prapliic  records.  To  facilitate  data  reduction,  the  oscilloscope  photo¬ 
graphs  are  enlarged  to  a  convenient  size,  about  five  times  ma^rnification. 
The  probe  resistance  is  calculated  from  the  result  (derived  lauer)  that 


A 

c 


r  V  (t  )  A  (T^)-r  V  (a  )  A  (a  ) 
OlOc  odoi 


'•'  (''t  )  i  A.  (n.)  -  -  V  ('^.)  iA.  (n, ) 


(2) 


whore 


.  •  (irobe  Tvsistance  in  daCl  sc-lutinn 

c 

r  -  fijced  r  distance  in  c.^li' ration  circuit 


“  probe  voltage  at  aji  arbitrarily  chosen  tiiK; 
reswctivelv 

J.  C 


atki  vficrc  /.  (t) 
o 


I 

\  O 
o 


,-T 

and  -  j  V. (t)  dt  , 

\ 

--  o 

T^(t)  ■  he  generator  volta,  f  e  rve. 

Tt.t  ;n’C‘'ssary  time,  V()lta{:e,  a:id  area  v.^luen  are  nbf^inej  from  an 
CSC  i  ;lo3COT5c  recoiri  .‘nlarg-w  et,  areas  t.einr  mnar,  ;rcd  by  a  p  l'inimeber. 

't'-.c  in  a  arc  the  a  rr-e.iarei  and  arranged  for  digital  conj.uter  pmcr-.T.in,; 
aiu;  crmiinna Aion.  Tiie  computer  iias  'necn  prcgr.xnmed  to  calc’Hate  ad-xition 


■to  pit?be  re.Tio tar.ce,  J:ic  probt:  capaciLajicc  aiid  cs'^jjaatcd  r.,:,';.  ori’oi’s  .u. 
resistance  and  capacitance. 

Derivation  of  Squa  bion  (1) 

Consider  a  pair  of  electrodes  immersed  in  a  i:!edium  c  f  conductivity 
as  illustrated  below.  The  current  density  J  and  electric  field  E 
are  related  by 

J  ••  -r  F 

An  external  ecif  main-tains  a  potential  V  across  the  probe  electrodes; 
the  series  current  through  the  probes  and  battery  is  I  . 


Intogi’ati’ig  tl:e  abirA'c  ac'os"  tl'.'.  eondi’ctinn  tip  area  A  (sliadod 

area  in  the  at)ovc  fipure)  fives 


I 

I 

I 


'iA 


V 

U 


where  li  js  ti,e  protx-  rcjsnstcuice.  Thus 


A 

Tiio  inuegr.il  car.  b<  readily'-  ■  value tusd  by  t>he  frlio.vxnr  co.ni  j.  rrsMen. 
Consider  a  closed  .aussuaii  kr^.a  corksiotuji,;  of  i.in'  co. nur '.if  n  -mia  A 

and  a  sectuoii  t.iic  proexr  so  tiiat  "a  n*  e.nconpasees  a  closoti 

volujTKi.  The  aj-ea  A'  lies  .iu.st  insi'ie  ef  unr  pre;*  ,rlace  alon,  tj.r 
cylindrical  *.  ihus,  iron  iauss '  iaw^  xn  uhe  aorcncf ■  (  j'  ‘di<'  f^onduc  ti r^,' 

incdiuja. 
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E  dA 


CV 


(li) 


where  C  is  the  probe  capacily.  Them 


J  E-dA 


K*dA  J  E*dA  ■  J  if*dA 
A'  A 


Since  ^  ■  0  across  A*  ,  i.e.  the  electrostatic  field  inside  a  conductor 
vanishes  we  have 


E*clA  ■ 


The  integrals,  j  T.  dA  appearing  in  Eos.  (3)  and  (li)  ai'e  identical, 

A 

since  the  field  is  derivable  in  both  cases  from  a  scalar  potential  /  , 

vdiere 

“  0 , 

with  ideritical  boundciry  conditions  in  both  situations.  Hence 


Tl'.us,  for  a  given  probe  geometry  and  configuration  one  Jias 
“  .i/p  =*  co.nst. 

ail  1,  if  .  ^  refer  calibration  values,  tiien 


Derivation  of  Ko  latlon  (2) 

TliO  calibration  circid.try  can  be  repj-esentc. d  schem-^tic all;/  as: 

’  ^  :  I  i 

I  K  /  r-N 

.  b  ..  I 


Integrating  Iron  t  “  0  to  t  ■  x 


Define 


and  set 
Tlien 


^  j  •  "o'-'''  -  v®*  •  <!?>  ' 

‘  t 

o 


,  X 

A^(x)  -  '  dt 

o 

.X 

Ao(x)  .  !  dt 

o 

V  (0)  -  0 
o 


i ».(-.)  -  v^(e  ♦  (|g)  A^(i) 


f.  A.(x)  -  Hr('.  V  (x)  +  (fi+r)  A  (i ; 
1  o  0 


Hence 


d  f  A  (x)  -  A  (- ) } 

L  i _ o  -* 

Rr  V  (x) 
o 


'•valuating  the  left  hand  side  at  x  ■  x^  and  x^ 


u  ; A. (x-  )  -  A  (x 
pi  I  o  1 


7^ 


-  r  A  (x  )  R  '■  A. 
o  1  I  1 


V  dt 

o 

o 


(Xp)  -  A  (x  )  ' 

^  O  c 


Solving;  for  K 


using  this  value  for  K  ,  one  can  solve  for  C 

- 


In  addition,  one  can  ascertain  the  root  moan  square  error  in  if.  and 
C  due  to  errors  in  the  measured  quantities,  r,  »  etc.,  as  follows. 

The  error  in  R  due  to  an  error  in  any  of  the  ineasiued  values  c.u;  lx,'  wi'itten 
as 

AR^  ^  ~  Ar 

^2 '  -rrto  “W ' 

0  i 

Thus  one  generates  the  following  error  toms  for  R 


AIL  -  R  ^ 

1  r 


A  (a  )  (r+R';  -  A  (t,5)R 


4R, 


R  A^(aj^)  -  (  R-r  I 


A’’  ("Vo) 


I  r+R  ;  V  (t;  ) 

-  - - - 


41,^  - - - -  AA^('h  ) 


o'  '1' 


R  7(1) 

- - AA^C-i^) 


R  V  (-x  ) 


where 


V^(ai)  ■A.(Tp-A^(ap|  -  V^(.J  !A.(r^)  - 


Likewise  ont;  !,as  for  the  error  terms  ir,  C 
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c  .  V''l>  V''2> 

- j 


A^("rj)  R  (R-r^ 


A/i—  VX  J.A  UX  " 

^  '  ?v  (I ) - ® - 

'“'u  ■  j?‘v^  -  rrr^  — B—  i 


“W 


A  (t,  ) 

"  “inr* 

‘a  (n:  )  (r+H)  V  (Tp) 


R  D  V  (t;,  ) 
o  1 


AC - 


A^(lj)  (wR)  7^(t^) 


Tlio  fundamental  errors  are  estimated  as  follows.  Ar  is  a  manufacturers 
specified  accuracy  of  Q,S%*‘  AV  is  an  estimate  of  the  accuracy  with  which 
the  voltage  pulse  height  can  'oe  readj.  •typically’-  AV/V  is  of  the  order  of 
$%,  AA  represents  the  repeatability  of  a  planimeter  area  reading  for  a 
given  area;  typically  M/A  is  of  the  order  of  $%.  The  root  mean  square 
errors  in  R  and  C  are  obtained  from 


7  i 


(ic)^  "  7  2_ 

i-i 

For  each  set  of  probe  calibration  data,  values  of  Ar  ,  AV^(t^)  ,  etc., 
obtained  from  error  estimates  of  the  measured  quantities  r  , 
are  provided.  The  final  result  from  the  computer  is  thus  a  calculation  of 
R,  C  ,  and  the  r.m.s.  errors  in  R  and  C  .  A  suunmary  of  results  of  this 
calibration  procedure  for  the  probes  calibrated  to  date  will  be  presented 
in  a  later  report. 
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Tabulation  of  NaCl  Solution  Conductivity 

The  conductivity  of  a  standard  salt  solution  (an  excess  of  HaCl 
in  distilled  water,  about  grams  per  liter) 


(ohm  cm)"^ 

0.1315 

0.1555 

0.1779 

O.20U1 

0.2062 

0.2111 

0.2160 

0.2209 

0.2259 

0.2309 

0.2360 

O.2UII 

0.2li62 

0.2513 

0.2565 

0.2616 

0.2669 

0.2721 

0.277U 


Temp.  (°C) 

0 

5 

10 
15 
•  16 

17 

18 

19 

20 
21 
22 
23 
2li 

25 

26 

27 

28 

29 

30 


*Values  taken  from  "Handbook  of  Chemistry  and  Fnysics" 
38th  EdiUon,  1956-1957 
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